Electrical percutaneous stimulation of the phrenic nerves was first employed in 1948 by SarnofJto provide temporary artificial ventilation in patients with respiratory failure. I However, the technique was limited by development of infection around the electrode. Short-term radiofrequency stimulation of the phrenic nerves was first utilised by Glenn in 1964 2 and adapted to long-term use in patients with central hypoventilation in 1968 3 and with traumatic quadriplegia in 1972.4 The technique employed alternate pacing of each hemidiaphragm with high frequency stimulation (25)(26)(27)(28)(29)(30) with a respiratory rate of 12 to 17 per minute which, in a series of 17 quadriplegic adults, although initially successful, was self-limiting because of eventual damage to the nerves and diaphragms. More recently, continuous bilateral simultaneous low frequency (up to 8 Hz) stimulation with a respiratory rate of 5 to 9 per minute has not induced myopathic changes. 5 This phenomenon has been attributed to: 1. the conversion of the mixture of slow and fast twitch fibres in the diaphragm to a uniform population of fatigue resistant fibres induced by low frequency stimulation, and 2. the reduction in the total current necessary to achieve adequate gas exchange when both diaphragms contract simultaneously with the less frequent stimulation at lower energy. Diaphragmatic pacing has been applied to infants and children 6 -8 with emphasis on the selection of patients and optimum setting ofstimulus parameters. 9 This communication presents a case report of diaphragmatic pacing in a child with a review of the principles of application. The advantages and disadvantages compared to mechanical ventilation are also discussed.
Diaphragmatic Pacing: An Alternative to Long-Term Mechanical Ventilation
J. TIBBALLS* Intensive Care Unit. Royal Children's Hospital, Melbourne, Victoria SUMMARY Electrical percutaneous stimulation of the phrenic nerves was first employed in 1948 by SarnofJto provide temporary artificial ventilation in patients with respiratory failure. I However, the technique was limited by development of infection around the electrode. Short-term radiofrequency stimulation of the phrenic nerves was first utilised by Glenn in 1964 2 and adapted to long-term use in patients with central hypoventilation in 1968 3 and with traumatic quadriplegia in 1972. 4 The technique employed alternate pacing of each hemidiaphragm with high frequency stimulation (25-30 Hz) with a respiratory rate of 12 to 17 per minute which, in a series of 17 quadriplegic adults, although initially successful, was self-limiting because of eventual damage to the nerves and diaphragms. More recently, continuous bilateral simultaneous low frequency (up to 8 Hz) stimulation with a respiratory rate of 5 to 9 per minute has not induced myopathic changes. 5 This phenomenon has been attributed to: 1. the conversion of the mixture of slow and fast twitch fibres in the diaphragm to a uniform population of fatigue resistant fibres induced by low frequency stimulation, and 2. the reduction in the total current necessary to achieve adequate gas exchange when both diaphragms contract simultaneously with the less frequent stimulation at lower energy. Diaphragmatic pacing has been applied to infants and children 6 -8 with emphasis on the selection of patients and optimum setting ofstimulus parameters. 9 This communication presents a case report of diaphragmatic pacing in a child with a review of the principles of application. The advantages and disadvantages compared to mechanical ventilation are also discussed.
Key Words: VENTILATION: diaphragmatic pacing, long-term mechanical CASE REPORT A six-year-old boy was injured in a motor vehicle accident in December 1986. At the scene, he was found unconscious by a bystander and given expired air resuscitation and subsequently bag and mask ventilation by ambulance crew after failed attempts at intubation. He was transported to a nearby hospital where he was successfully intubated and ventilated. Subsequently, he was transferred to the Royal Children's Hospital where he was semi-conscious and with signs of CI-C2 quadriplegia. Close questioning of the ambulance crew and medical staff at the referring hospital revealed that in addition to apnoea, activity of the accessory muscles of respiration, in particular flaring of the alae nasi, was noticeable before attempts at intubation, thus implying that cervical cord dysfunction was established early at the accident site. Urgent CT studies did not reveal any fracture or dislocation of the cervical spine and there was no obstruction to CSF flow nor any demonstrable abnormality of the cord from the foramen magnum to C7 level. Full consciousness was returned within 24 hours of the accident, A tracheostomy was established two weeks after accident. He remained apnoeic and with this realisation, efforts were directed towards rehabilitation, He was discharged from the Intensive Care Unit to a surgical ward 11 months after the accident and to home after a further six months, with attendant care, Mechanical ventilation was provided with a Bear 33 portable ventilator. While in hospital he attended the hospital school and subsequently, after discharge, his local primary school.
Nine months after injury he underwent electrophysiological evaluation, The right and left phrenic nerve conduction times were 3,7 msec and 3.4 msec respectively, while the diaphragm action potentials were 2,5 mV and 1.6 mV. Both diaphragms descended up to 5 cm on stimulation, Fourteen months after injury, he underwent bilateral thoracic implantation of phrenic nerve electrodes and subcutaneous implantation of radio signal receivers over the antero-Iateral aspects of the inferior chest wall. Unfortunately, one of the receiver implantation sites dehisced and necessitated removal of the receiver and electrodes on that side. Reimplantation of electrodes and receiver was performed successfully six months later. Over the ensuing two months, a program of diaphragm conditioning was undertaken. Continuous twelve-hour pacing was established in December 1988 and has continued reliably up to sixteen hours each day to the present time. He receives eleven breaths per minute of air with an inspiratory time of 1.85 seconds and an interpulse interval of 170 msec to yield a tidal volume of 10 mllkg, end-tidal CO 2 of 34-37 mmHg and an oxygen saturation by pulse oximetry of 95-100%. The total number of pulses per hour to each nerve is approximately 7200. During pacing, the fenestrated tracheostomy tube is capped, thus enabling inspiration of normally humidified air and normal phonation on exhalation. During sleep, mechanical ventilation is administered via the tracheostomy.
DISCUSSION

The system
A very Laboratories (100 Lattingtown Road, Glen Cove, N.Y. 11542-1243, U.S.A.) manufactures diaphragmatic (phrenic nerve) pacing systems which consist of an external radiofrequency transmitter and transmitting antenna and internally implanted receivers and electrodes. The transmitter generates a radio signal (frequency 1600 kHz) which is conveyed by wire to a loop antenna taped to the skin over the site of the implanted receiver. The receiver converts the radio signal to an electrical current which is conveyed to the stimulating electrode by an insulated lead. The stimulating electrode is implanted behind the phrenic nerve and secured by sutures to nearby fascia. The electrical circuit is completed by an anode disc implanted alongside the receiver. The implanted receivers have a life of three to five years. However, an improved receiver with a life of ten years and which is a quarter of the weight and volume of those utilised in this case is now available.
The diaphragm pacing systems are designed for either bilateral or unilateral phrenic stimulation. Figure 1 . The internal components, a receiver, stimulating electrode and anode electrode are illustrated in Figure 2 . but who have intact phrenic nerves, diaphragms and healthy lungs. Patients with traumatic quadriplegia, central alveolar hypoventilation or upper cord or brain stem disease form the majority of over 800 patients distributed worldwide who have been successfully implanted.
Selection of patients
Before implantation is embarked upon, the patient should undergo testing of phrenic nerve conduction and diaphragmatic contraction. This is accomplished by transcutaneous stimulation of the phrenic nerves in the cervical region, accompanied by recordings of an action potential at diaphragmatic level and visualisation of diaphragm descent either by fluoroscopy or ultrasonography. The value of transcutaneous phrenic nerve stimulation for selection of patients for permanent pacing has been studied. 8 • IO The normal phrenic nerve conduction time in adults is 8.32 msec (SD 0.82) on the left and 8.48 msec (SD 0.78) on the right with an upper normal limit of 10 msec. However, a prolonged conduction time, up to 14 msec, does not preclude successful pacing. The diaphragm action potential in adults is normally greater than 0.4 m V but it is widely variable and is not useful in predicting either the suitability for pacing or the strength of the diaphragm contraction. In infants and children, the phrenic nerve conduction is expectedly shorter than that in adults but increases with age. However, diaphragm action potentials are equivalent to those observed in adults. The most useful prediction of suitability for pacing may be the degree of observed diaphragmatic contraction with transcutaneous stimulation, although this has not been studied objectively. Strong contraction suggests that pacing would be successful. The observation of minimal or no contraction increases the importance of electrophysiological studies, since these observations alone may be attributed to disuse atrophy of the diaphragm. In some cases, surgical exploration and direct nerve stimulation may be required when percutaneous nerve stimulation cannot be accomplished.
Implantation
The stimulating electrode is implanted behind the phrenic nerve in either its cervical or thoracic course. II , 12 Thoracic implantation has the advantage of ensuring that all contributing components from C3 to CS segments are included in stimulation, Frequently, the CS component joins the main trunk of the nerve at the thoracic inlet which, in the case of cervical implantation, would remain unstimulated, On the other hand, access to the cervical course of the nerve is more easily accomplished than the thoracic course, Bilateral implantation may be undertaken at one or two operations separated by one to two weeks according Anaesthesia and Intensive Care. Vo!. 19. No. 4. November. 1991 to surgical preference. Infection would necessitate removal of either one or both devices accordingly. The conduction of the nerves and contraction of the diaphragms should be tested before skin closure to confirm correct implantation and to exclude nerve damage at the time of operation. The maximum tidal volume generated by various stimuli may be conveniently determined also at this time. A nerve test probe may be purchased for these purposes or the system can be checked using the implanted electrodes and sterile antennae.
Conditioning the diaphragm
Understandably, many months may elapse between the onset of a quadriplegic lesion necessitating pacing and its establishment. In the interim, the diaphragms remain unstimulated and may atrophy. Subsequent 'conditioning' with electrical stimulation is recommended. 5 ,13 Over a period of several months, a stimulation program of increasing duration without mechanical ventilation is undertaken, beginning with a few minutes in each hour and progressing to continuous pacing, During this period, the patient should be observed closely for signs of respiratory failure and pacing malfunction. In the case of central alveolar hypoventilation, full pacing can be undertaken soon after implantation.
Setting the controls
Pacing should be optimised to accomplish adequate oxygenation and carbon dioxide elimination without damage to the phrenic nerve or diaphragms. 9 To achieve this aim, the stimulation should be carefully set and periodically checked. The stimulus is a series of individual pulses of electricity with increasing amplitude during the inspiratory period. The first step in setting the controls is to determine the stimulus threshold, i.e. to determine the minimum amplitude which contracts the diaphragm. Subsequently, the ramp of the stimulus is adjusted to regulate the tidal volume, which, together with adjustment of the respiratory rate, determines the minute volume. Finally, the interval between pulses within an inspiratory time period is lengthened to achieve an appropriate tidal volume with the minimum number of pulses. These tests require facilities to detect diaphragmatic movement, tidal volume, gas exchange and to record electronic characteristics of the stimulus from the patient's skin. The benchtop transmitter has pre-set inspiratory times dependent on selected respiratory rate but the other parameters of threshold stimulus and current ramp are easily adjusted by a medical or technical supervisor with the aid of instruction supplied in the company's manual. 14 Alteration of the interpulse interval requires the services of an electrical engineer or the manufacturer's laboratory.
Pacing surveillance
The manufacturer of the pacing system recommends that periodic transtelephonic checks of pacing performance are carried out. 15 This is a simple proc~durel6 which provides the company laboratory wIth the electronic characteristics of the pacing schedule. The company may subsequently recommend changes to the schedule.
Advantages and disadvantages of diaphragmatic pacing
The technique of diaphragmatic pacing affords several advantages when compared to long-term mechanical ventilation. First, gas flow is achieved by . cre~tion of negative intrathoracic pressure WhICh IS analogous to the normal mechanism of respiration. The deleterious effects of positive p~essure such as barotrauma and haemodynamic dIsturbances are thus avoided. Second, speech is better. During paced respiration, speech is performed during expiration and thus of better ~ual~ty and more prolonged than it is during the InspIratory phase of mechanical ventilation. Third, the formation of secretions seems to be less thus requiring less frequent airway aspiration. F~urth artif!.cia! humidification is not necessary sinc~ reSpIratIOn may be accomplished through the mouth and nose in which case normal humidification of inspired gas occurs. Last the technique is less intrusive than mecha~ical ventilation; it is quieter and can be administered unbeknown to observers: i.e. the patient appears to have normal respiration which is in itself an enormous advantage in the comfort and psychological well-being of the recipient.
There are, however, disadvantages to pacing. The system is expensive -approximately $47,000 for equipment and additional costs for surgical implantation. The comparable cost of a portable ventilator and humidifier is approximately $17,000. Expertise is required in supervision of the technique. The knowledge is easily obtained but peri<?dic checking of the system, in particular in relatIOn to the threshold and amplitude of the stimulation current, implies that supervision is likely to be confined to a few conversant individuals. In contrast, mechanical ventilation is more easily supervised. Current pacing systems are not equipped with failure alarms, whereas modem portable ventilators have inbuilt alarms. Finally, damage to the phrenic nerves or diaphragm may occur with injudicious administration. On balance, however, diaphragmatic pacing has distinct advantages which, for the selected patient, is the preferred technique and which in the near future may be improved further.
Diaphragmatic pacing, like portable mechanical ventilation, may facilitate patient discharge from hospital. Neither, however, obviates the need for continuous surveillance of the otherwise apnoeic patient. The question of whether to allow a tracheostomy to close once pacing has been instigated is controversial. Some but not all patients who have been maintained with 24 hou; paci~g or who have required nocturnal pacing, as in Ondllle's Curse, have been successfully decannulated (Robert Brouillette, personal communication). However, if upper airway obstruction occurs with mechanically generated negative pressure ventilation, as is likely during sleep or those with pharyngeal muscle denervation preservation of the tracheostomy is mandatory. A tracheostomy may also be necessary to enable aspiration of secretions and to provide mechanical ventilation. Closure of the tracheostomy is likely to be more successful in those in whom a lesion is confined to the upper spinal cord with preservation of the brain stem, or in those who have some residual spontaneous ventilation, or those who are adept at glossopharyngeal (frog) breathing. Whatever the form of artificial ventilation, it is prudent to provide an alternative should the primary system fail, and to teach glossopharyngeal breathing and strengthen the accessory muscles of respiration.
